Response speed to a signal is faster when advance information about the forthcoming movement is provided before signal onset. Although this precuing effect is well established, the location of this saving in reaction time (RT) in the information-processing system is controversial. Some authors have claimed that the precuing effect resides at a motoric level, whereas others have suggested a nonmotoric locus. The present experiments used onset latencies of the lateralized readiness potential (LRP) to locate the precuing effect. The results of 2 experiments with a highly compatible (Experiment 1) and with an incompatible (Experiment 2) stimulus-response mapping indicate that this effect resides, at least partially, in the motoric portion of RT. In addition, the LRP amplitude before signal appearance increased with the amount of advance information, supporting a muscle-specific preparation hypothesis.
Since the pioneering work of Leonard (1953) , it has been repeatedly shown that choice reaction time (RT) is reduced when partial advance information about a forthcoming response is provided by a precue before the imperative response signal (see Requin, Brener, & Ring, 1991 , for a review). Response speed usually increases with the amount of advance information conveyed by the precue. This reduction in RT is often called the precuing effect.
The precuing effect was initially thought to enhance motor preparation, which in turn shortens the duration of motor processes in the stimulus-response (S-R) informationprocessing chain (Miller, 1982; Rosenbaum, 1980) . Rosenbaum (1980) gave a detailed explanation of how this RT reduction is accomplished in the motor system. He postulated that partial advance information is used to specify movement parameters of a central motor program for movement execution before the imperative response signal. Because parameter specification is assumed to be a timeconsuming process, any parameter specified before the response signal shortens RT (see Keele, 1981) . However, not all authors agreed with the conclusion that this RT advantage reflects a genuine effect of motor preparation. They argued that partial advance information shortens the duration of processing stages that precede the motor stage (e.g., Goodman & Kelso, 1980) . More specifically, these This research was supported by the Deutsche Forschungsgesellschaft (SO 177/6-2).
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In this article, we attempt to resolve this controversy on the basis of event-related brain potentials. Before the objectives of this article are stated, it is appropriate to discuss the emergence of the just-described controversy in some detail. This is followed by a discussion of neurophysiological studies that indicate that motor preparation can occur without affecting RT. After this discussion, we briefly describe the so-called lateralized readiness potential (LRP). This is followed by a review of studies assessing precue effects on the LRP. Finally, the two objectives addressed in Experiments 1 and 2 are stated. In Experiment 1, we used the LRP to examine the precuing effect with a spatial compatible mapping among precue, response signal, and response. In Experiment 2, we used alphanumeric precues and response signals located in the midline to eliminate a possible alternative explanation of the LRP results obtained in Experiment 1. The second experiment also aimed at generalizing the results to symbolic precue and response signal conditions. In the General Discussion section, we evaluate the implications of the present results for the hypothesis that the precuing effect constitutes a motoric effect.
The Precuing Effect: Response Selection or
Motor Preparation? Rosenbaum (1980 Rosenbaum ( , 1983 developed the precuing method to examine the nature of movement preprogramming. This method is a variant of a choice RT task, in which each of the possible responses is mapped in a one-to-one fashion to a response signal. When a response signal is provided, the 307 participant is required to perform the associated response as quickly as possible. Responses vary on more than one movement dimension. Before the onset of the response signal, a precue conveys full, partial, or no information about the movement parameters. The response signal provides information about the remaining movement dimensions and about the execution of the response. Participants are asked to use the advance information provided by the precue to prepare the response.
In his study, Rosenbaum (1980) required aiming movements with the left or right hand toward spatially arranged target keys. Before response signal onset, each hand rested on a separate home key. In front of and behind each home key, two target keys were located near or far from the home key. Eight movement alternatives resulted from the orthogonal combination of three independent movement dimensions: hand (left or right), direction (forward or backward), and extent (near or far). Response signals were mapped in a one-to-one fashion to each movement alternative. RT was measured from the onset of the response signal until the release of the home key.
A visual precue consisting of three letters appeared 3 s before response signal onset. Each letter could specify one movement dimension; the letter X provided no information about the actual movement dimension. For example, RFX prespecified a right-hand forward movement but no information about movement extent. Full-information precues (FPs; e.g., RFN) specified the upcoming response as a whole, whereas partial-information precues specified either two (e.g., XBF) or only one of the movement dimensions (e.g., LXX). The no-information precue (NP; XXX) conveyed no information about the upcoming movement. The response signal was a color stimulus, and each of the eight movements was assigned to a different color. Rosenbaum (1980) found that RT decreased with the number of precued movement dimensions. More important, for a constant number of precued alternatives, RT was reduced most when information was provided about hand, reduced less for direction, and reduced least for extent. He attributed this differential precuing effect mainly to movement preprogramming taking place during the interval between precue and response signal. Goodman and Kelso (1980) challenged this conclusion and the precuing method as a tool to learn about motoric preparation. These authors argued that the observed precuing effect was due to nonmotoric S-R translation processes (Teichner & Krebs, 1974) . Whenever the mapping between stimulus and response is nonoptimal, the central transformation from stimulus to response is a time-consuming operation. According to Goodman and Kelso, the design of Rosenbaum (1980) was nonoptimal because of its indirect mapping of color stimuli to spatially arranged responses requiring a symbolic color-to-position translation before response execution. To test their nonmotoric translation hypothesis, Goodman and Kelso (1980) used a spatially compatible mapping among precue, response signal, and response. As expected, RT decreased as the number of precued S-R relations decreased. In contrast to Rosenbaum, the same RT advantage resulted from the specification of any of the different movement dimensions; that is, no differential precuing effect emerged under their direct mapping. Goodman and Kelso argued that this finding is expected according to the translation hypothesis.
Particularly strong evidence for a nonmotoric translation process was provided by Goodman and Kelso's (1980) third experiment, which included an "ambiguous precue." This precue reduced the number of S-R alternatives from eight to two but did not allow advance programming of any movement dimension. As predicted by a nonmotoric response selection model but not by Rosenbaum's theory, RT reduction was virtually the same for both the ambiguous precue and a two-parameter precue. Therefore, Goodman and Kelso concluded that precue information merely reduces the number of S-R alternatives and thus speeds up the response selection stage before motoric processing.
A related debate emerged from the work of Miller (1982) , although he was not directly concerned with the analysis of motor programs. The central issue of Miller's study was the nature of information transmission between the stages leading from a stimulus to its associated response. More specifically, he wanted to find out whether response preparation can start before stimulus identification has completely finished. Such an outcome would favor continuous but argue against discrete information transmission models (Miller, 1988 ). Miller's choice RT paradigm often included stimuli differing in two attributes, such as the size and the name of a letter. Responses were made with the middle and index fingers of each hand. In one condition, the more easily discriminable stimulus attribute (e.g., letter name) specified the response hand (left or right); in other conditions, it specified the type of response finger (index or middle). Miller concluded that if advance information about response hand can be used for response preparation, shorter RTs should be observed when the faster discriminable attribute specifies the response hand. This prediction was supported in several experiments (see Miller, 1988 , for a review). His conclusion, however, required the additional assumption that advance information about response hand shortens the motoric portion of RT. Reeve and Proctor (1984) challenged this assumption, arguing instead that the observed RT benefit arises in the response selection stage and therefore reflects a nonmotoric effect. According to their view, response selection is easier and faster when the salient stimulus attribute (e.g., letter name) determines the response hand. Unfortunately, however, it is difficult to decide between the two theoretical positions, basically because the motoric portion of RT is unobservable.
In sum, both of the debates reviewed are difficult to settle without more direct evidence about the hypothesis that advance information speeds up the motoric portion of RT. Hence, it is the main objective of the present article to provide more direct evidence for the validity of this hypothesis.
Psychophysiological Studies of Response Precuing
Recent neurophysiological and psychophysiological studies supplement the information-processing approach in the study of response preparation (see Requin et al., 1991) . They reveal that precues induce response preparation at a motoric level. Interestingly, however, the extent of motor preparation at a neuronal level is often found to be only weakly related to response speed and, thus, cannot account for the precuing effect on RT.
For example, precuing effects have been demonstrated by studies recording single-cell activity in the premotor cortex (cf. Kurata, 1994) and in the primary motor cortex (MI) of monkeys (cf. Requin, Riehle, & Seal, 1993 ). An illustration of this approach is provided by the studies of the Requin group (see Requin et al., 1993) , which have shown that neuronal activity changes within MI are specific to the preparation of certain movement parameters, such as movement direction, but not movement extent. Furthermore, other neurons are sensitive to both direction and extent of movement. However, the specific preparatory changes in neuronal MI activity have only a weak predictive value for RT .
A further psychophysiological approach investigates motor preparation at the level of the spinal cord with reflex techniques. Studies applying such techniques have demonstrated that response preparation even spreads to the spinal motor system (see Brunia & Boelhouwer, 1988; Requin et al., 1991) . These studies examined the spinal reflex pathway reactivity during the foreperiod interval of an RT task. During this interval, monosynaptic reflexes were evoked electrically (Hoffmann reflex) or mechanically (tendon reflex), and reflex amplitude was found to be related to spinal excitability. For example, Requin, Bonnet, and Semjen (1977) traced the Hoffmann reflex amplitude in simple and choice RT tasks. Reflex amplitude decreased sharply with foreperiod interval length, especially for the responseinvolved muscles. However, the reflex amplitude at the end of the foreperiod was uncorrelated or only weakly correlated with RT. In summary, neurophysiological and reflexogenic studies are informative about the motor system and suggest that response preparation involves motor processes. However, it is uncertain whether the motoric processes assessed by these studies produce the precue effect on RT (cf. Requin et al., 1991) .
The LRP
In the last decade, the LRP has emerged as an important tool of cognitive psychophysiology for tracing responsespecific preparation (Coles, 1989; De Jong, Wierda, Mulder, & Mulder, 1988) . The neuroanatomical basis of the LRP is relatively well understood. It is based on the fact that a negative-going shift in the electroencephalogram (EEG), the so-called readiness potential, precedes voluntary movements (Kornhuber & Deecke, 1965) . Usually, the readiness potential is recorded from the electrode sites C3' and C4', which are located over the left and right motor cortices, respectively (Kutas & Donchin, 1980) . The readiness potential exhibits greater negativity over the motor cortex contralateral to the responding hand. Therefore, the asymmetry of the readiness potential can be used as an index for the preparation of specific motor acts. The LRP captures this lateralized premovement negativity of the responding hand. Substantial evidence indicates that this lateralized negativity is due to a source within the primary motor cortex. The evidence comes from intracortical recording of brain activity in primates (Miller, Riehle, & Requin, 1992) and from neuromagnetic field analyses in humans (Kristeva, Cheyne, & Deecke, 1991; Okada, Williamson, & Kaufman, 1982) . Furthermore, in line with the somatotopic representation of the feet in the primary motor cortex within the longitudinal fissure, LRP for foot responses is found to be more negative over the motor cortex ipsilateral to the responding foot .
As a means of isolating the lateralization of the readiness potential, the following method was introduced to compute the LRP (cf. Coles, 1989) . Let the potentials recorded at these sites be C3'(0 and C4'(0 at time t. If the response signal demands a right-hand response, the difference waveform DR(t) = C3'(f) -C4'(0 is recorded; the difference DL(t) = C4'(0 -C3'(0 is recorded when a left-hand response is demanded. This step eliminates all activity that is symmetrically distributed over centrolateral recording sites. To eliminate all nonmotoric asymmetries, the difference waveforms DL(t) and DR(t) are averaged over all trials within a single condition, and the LRP(t) is computed as the mean of both average waveforms, that is, LRP(t) = [mean ofDL(t) + mean of DR(t)]/2. The LRP is negative when the electrical scalp potential is more negative over the motor cortex that activates the correct hand, and the LRP is positive when the incorrect motor cortex is activated.
Several findings qualify the LRP as a measure to infer motoric response preparation (e.g., Coles, 1989; Miller & Hackley, 1992; Osman, Bashore, Coles, Donchin, & Meyer, 1992) . For example, Gratton, Coles, Sirevaag, Eriksen, and Donchin (1988) have shown that fast guesses are preceded by a large amount of LRP activity before the imperative response signal (henceforth called the foreperiod LRP) and that the direction of foreperiod LRP activation determines the responding hand. Furthermore, Gratton et al. (1990) reported that priming the wrong hand not only increased RT but also induced more activation over the ipsilateral motor cortex and, therefore, gave rise to a positive (wrong-sided) LRP. Priming the correct hand, however, decreased RT and induced more activation over the contralateral motor cortex, indicated by a negative-going (correct-sided) LRP. Finally, the amplitude of the LRP increased with movement complexity of the response (Hackley & Miller, 1995) . Interestingly, however, the LRP appeared to be insensitive to the required movement force (Sommer, Leuthold, & Ulrich, 1994) . These findings support the notion that the LRP reflects the preparation of hand-specific responses, although it is insensitive to response force.
Stimulus-Locked Versus Response-Locked LRP
An important property of the LRP for single reactions is that it can be time locked to the stimulus or to the response . Stimulus locked means that each difference waveform is aligned to response signal onset for computing the average difference waveforms of both DL(t) and DR(t); in other words, t is defined to be zero at stimulus onset. The interval between stimulus onset and LRP onset is defined as the stimulus-locked LRP interval. This interval indicates the durations of those processes that occur before the start of the LRP. In contrast, response locked means that each difference waveform is aligned to the overt response onset to determine the average difference waveforms. The interval between LRP onset and the overt response is defined as the response-locked LRP interval; that is, t is defined to be zero at response onset. The response-locked LRP indicates the duration of those processes that occur after the LRP onset. The stimulus-locked LRP is thought to reflect early processes and the response-locked LRP late processes of RT. In this study, we used both stimuluslocked LRP and response-locked LRP intervals to localize the precuing effect.
Precuing Effects on the LRP
The study of De Jong et al. (1988) was the first to examine the effect of partial advance information on the LRP. The stimulus set consisted of four stimuli that were assigned to the index and middle fingers of both the left hand and right hand. There were two precues; one specified response hand, and the other provided no advance information, serving as a control condition. As expected, there was a strong precuing effect on RT. More important for the purpose of the present study, the hand precue (HP) induced an LRP before the onset of the imperative response signal, reflecting advance preparation of the precued hand. Therefore, the LRP may serve as an index of advance preparation of a subset of responses on the same hand.
In another study, Osman (1993, 1994 ) examined whether a precue specifying the response hand but not the movement direction of the response suffices to produce a foreperiod LRP. In a choice RT task, either hand (left or right) or movement direction (finger flexion or extension) was precued before response signal onset. Thus, each precue reduced the number of response alternatives from four to two. The relationships among precue, response signal, and response were spatially compatible, as in the experiments of Goodman and Kelso (1980) . HP produced a foreperiod LRP, even though it conveyed no information about response direction. Hence, these authors concluded that partial advance information about hand is sufficient to elicit a foreperiod LRP.
As noted by these authors, this result is consistent with at least two hypotheses of motor preparation. The first hypothesis, which has been called the abstract motor preparation hypothesis, proposes that LRP activation merely reflects the selection of the response hand at an abstract level of response preparation. This selection does not involve preparation of specific muscle groups for the response. The second hypothesis, called the muscle-specific preparation hypothesis, assumes that the foreperiod LRP reflects not only abstract limb selection but also the selection of response-specific muscle groups. Interestingly, however, an additional analysis showed that the amount of LRP activation before the response signal was unrelated to RT, which, according to the authors, seems to be inconsistent with both hypotheses.
The Current Paradigm
The present paradigm extended the work of Ulrich et al. (1993 Ulrich et al. ( , 1994 by including additional precue conditions. As in their study, participants were asked for flexions or extensions of the left or right index finger. Each response alternative was assigned to one response signal. The response signal was preceded by a precue belonging to one of four precue classes. FP reduced the four possible responses to one. NP provided no advance information. The direction precue (DP) prespecified movement direction (extension vs. flexion) of the index fingers but not the hand, whereas HP gave advance information about the response finger (left vs. right index finger) but not about movement direction. Thus, there were two orthogonal movement dimensions, namely, hand and movement direction.
Objectives of the Present Study
The present study addressed two objectives. First, we examined whether precues shorten the duration of late or early processes in the S-R processing chain (Objective 1). Second, we sought to provide a more rigorous test for the alternative motor preparation hypotheses proposed by Ulrich et al. (1993 Ulrich et al. ( , 1994 ; Objective 2).
Objective 1: Identifying the Locus of the Precuing Effect
The first objective was to determine whether precue information affects the motoric or the nonmotoric portion of RT. Specifically, we assumed that the stimulus-locked LRP indexes the nonmotoric portion of RT, whereas the response-locked LRP indexes the motoric portion of RT. It should be noted, however, that this objective can be accomplished only for DP and NP. This is because these conditions do not produce a foreperiod LRP-as compared with conditions in which advance information about hand is provided-making it possible to determine the onset of stimulus-locked LRP and response-locked LRP. Nevertheless, this enabled us to test whether the precuing effect is located in the response selection stage or in the motor stage. The prediction for each possibility is illustrated in Figure 1 . Figure 1A indicates the duration of each stage when no precue information is available. LRP activity builds up as soon as the response alternative has been selected in the response selection stage. After a certain duration of motor processing, the response is eventually executed. Under this control condition, the stimulus-locked LRP interval indicates the duration to complete response selection, whereas the response-locked LRP interval gives a clue about the motor processing duration. Note that the P300 latency is thought to be a relative measure of perceptual processing time because additional processes not included in the stimulus-response processing chain contribute to it. S = stimulus; R = response; LRP = lateralized readiness potential; RT = reaction time.
Assume that precue information is available and that it affects only the duration of the response selection stage ( Figure IB ). In this case, one would expect the stimuluslocked LRP but not the response-locked LRP interval to be affected. To assess this possibility, we compared the stimulus-locked LRP interval under the direction precuing condition with the control condition when no precue information was available. According to the response selection hypothesis, shorter stimulus-locked LRP intervals should be observed when advance information is provided than when no advance information is available. The response-locked LRP interval, however, should not differ. Now assume that precue information affects the motor processing stage but not the response selection stage ( Figure  1C ). Under this motor preparation hypothesis, a decrease of the response-locked LRP interval is expected when precue information induces motoric preprogramming. In addition, the stimulus-locked LRP interval should be unaffected by precue information. In sum, it can be seen that the stimuluslocked LRP and response-locked LRP intervals may distinguish the response selection and motor preparation hypotheses.
Of course, precue information may speed up both the motoric portion and the nonmotoric portion of RT. In this case, one would expect that precue information shortens the stimulus-locked LRP as well as the response-locked LRP interval.
One assumption in differentiating the two hypotheses is that the time to recognize the response signal is not differentially influenced by precue condition. Therefore, we also assessed the peak latency of the P300, a positive ERP component characterized by a centroparietal scalp distribution peaking 300 ms or later after stimulus onset. This P300 latency has been shown to be a sensitive index of perceptual processes and to reflect changes in stimulus evaluation while being largely unaffected by motor-related processes (e.g., Kutas, McCarthy, & Donchin, 1977; McCarthy & Donchin, 1981) .
1 Thus, if the duration of perceptual processing is independent of precue condition, the P300 latency should not differ between precue conditions provided that P300 taps the relevant aspect of perceptual processing.
Objective 2: Abstract Versus Muscle-Specific Motor Preparation
The precuing studies reviewed earlier (De Jong et al., 1988; Ulrich et al., 1993) showed that advance information about response hand elicits an LRP before response signal onset. Hence, it is expected that both HP and FP will produce a foreperiod LRP. According to the abstract motor preparation hypothesis, the LRP represents the activation of a motor code at an abstract level of motor organization, and, thus, LRP is assumed to indicate the body side of the selected limb but not the specific muscle groups for performing the task. Thus, the abstract motor preparation hypothesis predicts equal foreperiod LRP amplitudes for HP and FP. On the other hand, the muscle-specific preparation hypothesis holds that the LRP reflects not only abstract limb selection but also the selection of directionally relevant muscle groups involved in the forthcoming response. Note that FP, but not HP, enables the proper preselection of agonist and antagonist muscle groups for the forthcoming response. Therefore, the muscle-specific preparation hypothesis predicts a further increase of the LRP amplitude when movement direction is known in addition to the hand.
A further hypothesis also denies the assumption of abstract motor preparation yet predicts a differential effect of advance information on the foreperiod LRP for FP and HP. In contrast to the muscle-specific preparation, this hypothesis assumes unspecific muscle preparation. According to this muscle-unspecific preparation hypothesis, participants activate both the extensor and flexor muscles of the precued hand when movement direction is unspecified. This should induce an especially high degree of muscle-specific preparation when only information about the response hand is provided. Hence, this hypothesis suggests a larger foreperiod LRP for HP than for FP.
Experiment 1
The first experiment extended the study of Ulrich et al. (1993) by including two additional precue classes, namely, FP and NP (as described earlier). The relationships among precue, response signal, and response were of high spatial compatibility, as in the study of Goodman and Kelso (1980) .
Method Participants
Eight women and 8 men (M age = 31 years, range = 20 to 63 years) participated in a single session lasting about 2 hr. They received for their participation either partial fulfillment of a curriculum requirement or payment (7.50 DM per hour). All participants had normal or corrected-to-normal vision and a mean handedness score (Oldfield, 1971) of 68 (range = -69 to 100, SD = 49).
Procedure
A preliminary practice block was followed by nine blocks of 88 trials each. Blocks were separated by a short rest. Participants were told the meaning of the precues and were instructed to use precue information to shorten RT but not to initiate a movement before response signal appearance. There were four stimuli associated with four responses. The four response alternatives consisted of an extension or a flexion of the right or left index finger. Precues and response signals were designed to be highly compatible with these response alternatives (Figure 2) .
Each trial started with the presentation of the warning signal together with the fixation cross in the center of the computer screen. After 450 ms, the precue was added to the warning signal. After a constant foreperiod of 1,000 ms, the response signal followed the precue. Participants were asked to perform the required response as quickly as possible while avoiding response errors. As a means of preventing premature responses, no-go trials were randomly interspersed into the trial sequence at a probability rate of 1 in 11. In case of a correct response, the next trial started 2,650 ms after response signal onset. In case of an incorrect response, feedback was provided on the screen 1,150 ms after response signal onset. One of the following messages was displayed: (a) Falsch (wrong) if an incorrect response alternative was used or if the participant responded with both hands, (b) Zu frith (too fast) if the RT was less than 100 ms, and (c) RT > 1 sek if there was no response within 1 s. If a response occurred in a no-go trial, the feedback "!!!NoGo!H" appeared. Feedback information was displayed for 1,100 ms, and 400 ms later the next trial started with the presentation of the warning signal. Total mean RT and percentage of response errors were computed for each block and provided as feedback. Participants were asked to keep their eyes on the fixation cross and not to blink as long as it was visible.
Stimuli and Precues
The warning stimulus consisted of four small gray open squares (0.17° X 0.23°) on a black background (see Figure 2) . The centers of the squares were placed on the corners of an imaginary square (0.40° X 0.52°). The same arrangement served as the precue with the exception that one, two, or all squares were filled with the same shade of gray as the outlines of the squares. The filled squares reduced the possible response alternatives. The response signal consisted of the same square arrangement as the precue. On go trials, the response-indicating square became red. In no-go trials, the filled squares became empty (i.e., four small gray open squares were displayed). Ambient light was kept at a low level. A constant viewing distance of 1 m was provided by a fixed chin rest.
There were four precue categories. First, FP reduced the possible responses to one. In this case, three squares were unfilled and the response-related square was filled. For example, a filled square on the left upper corner signaled an extension of the left finger. Second, HP provided advance information about the response finger (left vs. right index finger) but no information about movement direction. If the left (right) finger was prespecified, the two left (right) squares were filled and the two right (left) squares were empty. Third, DP specified movement direction but not the response finger. Two filled upper (lower) squares gave advance information about finger extension (flexion). Finally, four filled squares indicated NP. Excluding no-go trials, 16 trial types resulted from the factorial combination of precue category and response alternative. A session included 45 replications of each trial type. All trial types were randomized across the experiment.
Response Keys
Response force was measured by means of force-sensitive keys. A leaf spring (55 X 20 X 2 mm) was held by an adjustable clamp at one end, and the other end remained free. Strain gauges were attached near the fixed end of the leaf spring. One force key was used for each index finger. The fingertip was located in an adjustable thimblelike holder fixed at the free end. The force key allowed for near-isometric recordings of index finger flexion and extension. Response force was sampled at 100 Hz, without filtering, for 2,230 ms starting 200 ms before precue onset. A response was registered as soon as force output exceeded a criterion of 40 cN (1 cN is about 1 g) from the baseline force level in either the negative or positive force direction. Baseline force was defined as the mean force level during a 100-ms interval before precue presentation. Each force key was mounted on a board. Both forearms and palms rested comfortably on the boards such that any body movements other than index ringer movements were minimized. The index fingers pointed out. For flexions and extensions, participants had to move the index fingers down and up, respectively.
Electrophysiological Recordings
EEG activity and electroocular (EOG) activity were measured in each trial. EEG was recorded with linked mastoids as a common reference from the midline sites Fz, Cz, and Pz (Jasper, 1958) . Vertical EOG was registered from above and below the right eye, and horizontal EOG was registered from the left and right outer canthi. Time constants of all channels were 10 s, and highfrequency filters were set at 40 Hz (roll-off: 12 dB per octave). EEG and EOG recordings were made with Grass E5SH Ag/AgCl electrodes and TECA electrode electrolyte. All signals were digitized at a rate of 100 Hz for 2,230 ms starting 200 ms before precue onset. Electrode impedance was below 5 kO at all cephalic sites. Waveforms were not filtered for amplitude analysis. For RT and EEG analysis, all trials with ocular artifacts or with incorrect responses were discarded (about 20% of all trials). Trials immediately following errors were also discarded. For artifact rejection, a threshold of 70 juV in all EOG channels was chosen, and all trials were discarded in which this threshold was exceeded during the recording epoch.
Differential recordings were made between C3' and C4'. These sites were located 4 cm to the left and right from Cz along the intramural line. For right-hand responses, the difference DR(t) = C3'(0 -C4'(f) was recorded; for left-hand responses, the polarity was switched to obtain the difference DL(t) = C4'(t) -C3'(f). The mean waveform for each difference was computed. The LRP was determined by averaging these two mean difference waveforms.
A computation analogous to that performed for the LRP was performed for the horizontal EOG to assess possible EOG artifacts on the LRP. Such artifacts may arise when there is a tendency for eye movements toward the lateralized response signal or toward the responding hand (which may mimic LRP activity), because the retina is more negative than the cornea. Voltage-topography studies have indicated that ocular potentials contribute to about one fifth of the potentials at central scalp sites (e.g., Elbert, Lutzenberger, Rockstroh, & Birbaumer, 1985) . Thus, 20% of horizontal EOG activity may propagate to the LRP.
The P300 was obtained from the recordings at Pz. P300 latency was defined as the interval between response signal and the largest positive value occurring from 250 to 1,000 ms after response signal onset.
Design
Statistical analyses were performed by means of Huynh-Feldt corrected repeated measures analyses of variance (ANOVAs). For RT analysis, the within-subject variables were precue category (NP vs. HP vs. DP vs. FP), hand (left vs. right), and movement direction (flexion vs. extension). For LRP analysis, data were pooled over the movement direction variable to increase the signal-to-noise ratio of this measure. It should be remembered that the LRP is not defined for a single hand and therefore cannot be analyzed for each hand separately.
Results
This section is organized into separate subsections related to the two objectives outlined in the introduction. Each measure described in this section was obtained separately for each participant.
Error Rates and RT
There were 16.3% anticipations in no-go trials, indicating that participants were highly prepared for the demanding response signal. In go trials, the total percentage of errors was 5.0%, comprising 0.3% misses (RTs > 1,000 ms), 1.1% anticipations (RTs < 100 ms), and 3.6% incorrect keypresses. Figure 3 depicts mean RT and the percentage of correct trials for the full factorial design. A three-way ANOVA (with the variables precue category, hand, and movement direction) was computed. This analysis yielded a strong effect of precue category, F(3, 45) = 221.2, p < .001. Planned comparisons revealed the following mean RT values for the four precue conditions: FP, 268 ms; DP, 321 ms; HP, 333 ms; and NP, 365 ms. As in the study of Ulrich et al. (1993) , movement direction produced a main effect, F(l, 15) = 54.6, p < .001; extensions (308 ms) were faster than flexions (336 ms). The interaction of precue category with movement direction was significant, F(3, 45) = 3.7, p < .05, indicating that the RT difference between extensions and flexions diminishes when advance information about movement direction is provided. No further effects were significant. RT and response errors covaried in the same direction for DP, HP, and NP, and thus the obtained precuing effect cannot be attributed to a speed-accuracy tradeoff. In sum, Experiment 1 successfully replicated the precuing effect on RT.
P300 and LRP Latencies (Objective 1)
P300 latency. Averaged ERP waveforms from Pz for each precue category are shown in Figure 4 . Response signals elicited a clear P300 component between 300 and 450 ms. P300 latencies were obtained, by means of a peak-picking procedure, from the low-pass filtered (4.9 Hz) waveform of each participant and submitted to a three-way ANOVA with the variables precue category, hand, and movement direction. Mean P300 latencies (FP = 396 ms, DP = 411 ms, HP = 411 ms, NP = 391 ms) did not differ significantly between precue conditions (F < 1). This result is consistent with the assumption that precue category had no differential influence on the duration of stimulus recognition. Therefore, the precue effect appears to be located in a stage that follows stimulus recognition.
LRP latencies. As argued in Objective 1, LRP latencies can be used to locate the precue effect in the human information-processing chain. As mentioned earlier, it was not possible to obtain onset latencies in the HP and FP conditions because the LRP was already present at the time of response signal presentation. Hence, the following analyses of LRP latencies are restricted to the DP and NP conditions.
Stimulus-locked LRP. The average stimulus-locked LRP for each precue category is shown in the top panel of Figure 5. As a means of calculating the onset of the stimuluslocked LRP, the mean and standard deviation of the lowpass filtered (4.9 Hz) averaged LRP were determined during the 200-ms interval before the precue separately for each participant and precue condition. Onset of LRP activation was defined at the first point in time when a threshold of the mean minus four standard deviations was exceeded for at least 10 consecutive data points with waveforms referred to a 200-ms baseline before the response signal. The means of the obtained stimulus-locked LRP intervals were 149 ms for DP and 164 ms for NP. These two means did not differ from each other, r(15) = -1.5, p = .16. This indicates that the RT precuing benefit in the DP condition is not associated with processes before LRP onset. NP and DP conditions is shown in Figure 6 . As can be seen, LRP activity emerged earlier in the NP condition than in the DP condition, confirming the prediction just described. As a means of calculating the response-locked LRP interval, the mean and standard deviation of the response-locked LRP (low-pass filtered [4.9 Hz]) were determined during a 200-ms interval from -1,300 to -1,100 ms before response onset separately for each participant and each precue condition. Onset of LRP activation was determined as for the stimulus-locked LRP intervals described earlier. The analysis revealed that the response-locked LRP interval was reduced by 117 ms for DP as compared with NP (M = -163 vs. -280 ms), t(l5) = -3.2, p < .01. This outcome strongly indicates that the RT precuing benefit in the DP condition resides in processes after LRP onset.
3
Foreperiod LRP (Objective 2) LRP amplitude. As expected, HP and FP produced a clear LRP during the foreperiod (cf. Figure 5 ). For both precues, there was an increasing negative shift of the LRP during the foreperiod, indicating preparation of the correct response hand. More interestingly, about 500 ms after precue onset, the foreperiod LRP became more negative for FP than for HP. In contrast, but as expected, neither DP nor NP produced an LRP before response signal onset. For statistical analysis, the amplitude of foreperiod LRP was averaged in the interval from 210 to 10 ms before response signal onset. Average LRP amplitudes were referred to a 200-ms baseline before precue onset. Two-tailed t tests showed that LRP amplitudes deviated significantly from zero for FP, t(l5) = -7,0, p < .001, and HP, t(l5) = -4.6, p < .001, but not for DP, f(15) = 0.6, p = .5, or NP, t(l5) = 0.4, p = .7. A one-way ANOVA on these amplitudes (with the variable precue category) revealed a highly reliable effect, F(3, 45) = 24.1, p < .001. Planned comparisons confirmed the following mean amplitudes: FP, -1.1 /nV; HP, -0.78 juV; DP, 0.04 juV; and NP, 0.03 ^V. The 3 One may be tempted to compare the size of the precue effect on RT with the one obtained for the response-locked LRP interval. For example, DP reduced mean RT by 44 ms but response-locked LRP by 117 ms. Therefore, the response-locked LRP interval suggests an even stronger precue effect than the one obtained for mean RT. However, such a comparison is notoriously problematic because the response-locked LRP interval is a biased measure for the true interval from LRP onset up to the start of the overt response (cf. Smulders, 1993) . The reason for this bias is that the LRP onset has to be inferred from average waveforms. These waveforms are smeared because true LRP onset varies from trial to trial and, therefore, onset determination is biased. The bias may depend on LRP onset variability, LRP amplitude, and onset threshold (cf. Sommer, Ulrich, & Leuthold, 1996) . Because there is no information about onset variability, we refrain from comparing effect sizes between LRP onsets and RT. prediction of the muscle-specific preparation hypothesis that LRP amplitude is larger for FP than for HP was confirmed by a one-tailed t test, r(15) = -2.1, p < .05. This particular result shows that foreperiod LRP increases with the amount of advance information and thus supports the muscle-specific preparation hypothesis that LRP activation reflects not only hand selection but also the selection of muscle groups. Needless to say, this result is also inconsistent with the muscle-unspecific preparation hypothesis, according to which motor preparation should be larger for the HP than the FP condition. Horizontal EOG. The horizontal EOG (cf. lower panel of Figure 5 ) was analyzed to assess whether the effects on foreperiod LRP just described could have been due to eye movements. Horizontal EOG was analyzed in exactly the same way as was LRP. Precue category produced a significant main effect on horizontal EOG, F(3, 45) = 32.6, p < .001. Presignal horizontal EOG did not differ between FP (-2.5 juiV) and HP (-2.4 juV) but was stronger for FP and HP than for DP (0.04 /iV) and NP (0.25 /xV). This differential effect may be attributed to eye movements during the foreperiod toward the side on which the precue appeared in the HP and FP conditions. However, for two reasons, it seems implausible that the enhanced foreperiod LRP was caused by horizontal EOG activity alone. First, horizontal EOG did not show a difference between the FP and HP conditions, whereas the foreperiod LRP did. Thus, horizontal EOG cannot account for the differential effect of FP and HP on the foreperiod LRP amplitude. Second, horizontal EOG activity from the outer canthi of the left and right eyes is reduced at central electrode sites to at most 20% (Elbert et al., 1985) . Hence, a maximal foreperiod LRP of -0.5 /u,V might be expected in the FP and HP conditions from horizontal EOG activity. However, the observed amplitudes clearly exceeded this value. In addition, as argued by Hackley and Miller (1995) , one should also take into account the opposite possibility, namely, that LRP may spread to the frontal scalp and, thus, induce horizontal EOG activity.
Discussion
This experiment successfully replicated the precuing effect on RT because response speed increased with amount of advance information. A perceptual locus of the precuing effect appears to be unlikely, because P300 latency did not depend on precue category. In agreement with this conclusion, the analyses of LRP latencies for the NP and DP conditions revealed that precue information shortened the response-locked LRP interval but not the stimulus-locked LRP interval. This outcome conforms with a motoric locus of the precue benefit for RT, as originally proposed by Rosenbaum (1980) .
As predicted by all three motor preparation hypotheses, the HP and FP conditions evoked a foreperiod LRP replicating and extending the findings of Ulrich et al. (1993) . However, the finding that the FP condition produced more foreperiod LRP activation than the HP condition is consistent only with the muscle-specific preparation hypothesis. Therefore, this result argues against the view that the foreperiod LRP merely reflects an abstract preselection of response. It also argues against the notion that participants jointly prepare flexor and extensor muscle groups, as suggested by the muscle-unspecific motor preparation hypothesis. The enhanced LRP amplitude in the FP condition seems to be caused by the proper preselection of agonistic and antagonistic muscle groups in addition to the preselection of response hand.
Unfortunately, an artifactual explanation for the present results cannot be ruled out. It is known that a lateral stimulus produces more negativity in the visual cortex contralateral to the stimulus side (e.g., Hillyard & Miinte, 1984) . This asymmetric negativity occurs at about 150-200 ms after stimulus onset and may propagate to the central electrodes (C3' and C4'). Therefore, it is possible that asymmetric sensory activity overlaps indistinguishably with the LRP and, thus, can mimic a phasic activation of the correct hand. This sensory effect is not especially problematic for the LRP observed during the foreperiod. It could have conceivably contributed to the dip after precue onset by about 150 ms but not to the rest of the foreperiod LRP. However, a more serious problem concerns the timing of stimulus-locked and response-locked LRPs. Presumably, early asymmetric sensory ERP activity always occurs at the same time, despite the precue effects on RT. This might be the reason why the stimulus-locked LRP intervals were the same for DP and NP, despite differences in RT. Moreover, because the time between LRP onset and the response would naturally be correlated with RT, one might even argue that the precue effect on the response-locked LRP interval is caused artifactually.
Experiment 2
In Experiment 2, we sought to eliminate this artifactual explanation by examining whether the results of Experiment 1 generalize to alphanumeric precues and response signals located in the midline. If the precue effect on the responselocked LRP interval in Experiment 1 was caused by a contralateral stimulus artifact, the effect would be expected to disappear or, at least, to be attenuated with centrally presented alphanumeric stimuli. Furthermore, use of nonlateralized alphanumeric stimuli was also expected to eliminate horizontal eye movements during the foreperiod. Therefore, Experiment 2 was similar to Experiment 1 but involved symbolic precues and response signals, as in the study of Rosenbaum (1980) . Participants received advance information via letters about both movement dimensions, one dimension, or neither dimension, and numbers were used as response signals.
Method Participants
Seven women and 9 men (M age = 32.7 years, range = 25 to 46 years) participated in this study for payment. All participants had normal or corrected-to-normal vision and a mean handedness score of 71 (range = -86 to 100, SD = 56).
Procedure
The procedure was identical to that of Experiment 1 except for three changes. First, 1 day before the experimental session, the participant was trained in a practice session. The practice session was needed to familiarize participants with the symbolic mapping. Participants were trained until fewer than 10% response errors resulted within a single block of 88 trials. All participants reached this criterion after three blocks in the practice session. The main session was identical to that of Experiment 1. Second, the foreperiod was increased from 1,000 ms to 1,400 ms. A pilot study indicated that a foreperiod of 1,000 ms was too short to use the advance information provided by letter strings for response preparation, whereas foreperiods longer than 1,400 ms produced too many eye movements. Finally, because longer RTs resulted in Experiment 2, the upper RT truncation limit was increased to 1,370 ms, and feedback started 1,400 ms after response signal onset in case of an incorrect response.
Stimuli and Precues
The warning stimulus consisted of a red fixation point (1 pixel) on a black background (Figure 7 ). Precues were composed of two letters, a letter and a plus sign, or two plus signs. As a means of preventing horizontal eye movements, the centers of both precue elements were located 0.21° above and below the fixation point, respectively. The size of a single letter was 0.32° X 0.23°, and the size of the plus sign was 0.23° X 0.23°. The letters O (Oben [up] ) and U (Unten [down]) provided advance information about movement direction, and the letters R (Rechts [right] ) and L (Links [left]) provided advance information about response hand. The plus sign served as a noninformative filler when the precue consisted of fewer than two informative letters. For half of the participants, information about movement direction was always provided above the fixation point and information about response hand was always presented below the fixation point. This assignment was reversed for the remaining participants.
The response signal (0.32° X 0.23°) consisted of a number from 1 to 4 shown in red at the center of the display. Each number was associated with one response alternative. The assignment of the numbers to the response alternatives was balanced over participants according to a Latin square. On no-go trials, the number 5 appeared.
Recordings
Response force sampling, as well as recording and analysis of EEG and EOG signals, was the same as in Experiment 1, except that all signals were digitized for 2,870 ms starting 200 ms before precue onset.
Results

Error Rates and RT
The overall error rate was 8.0% in no-go trials. The error rate of 6.4% in go trials was due to 2.1% misses (RTs > 1,270 ms), 0.3% anticipations (RTs < 100 ms), and 4.0% incorrect keypresses.
Mean RT and percentage of correct trials are shown for the full design in Figure 8 . A three-way ANOVA analogous to that of Experiment 1 confirmed a highly reliable effect of 
P300 and LRP Latencies (Objective 1)
P300 latency. Average waveforms measured at Pz are shown in Figure 9 for each precue category. Clear P300 components were elicited by the response signals. P300 latency appeared to be related to amount of advance information (FP = 463 ms, DP = 499 ms, HP = 497 ms, NP = 515 ms); however, an ANOVA (analogous to that of Experiment 1) on P300 latencies again revealed no significant main effect of precue condition, F(3, 45) = 2.6, p = .11.
Stimulus-locked LRP. The top panel of Figure 10 shows the stimulus-locked LRP as a function of precue category. We calculated stimulus-locked LRP intervals as in Experiment 1. These intervals did not significantly differ between the DP and NP conditions (M = 350 vs. 367 ms), f(15) = -0.4, p = .7.
Response-locked LRP. Figure 11 shows the response- Figure 9 . Stimulus-locked event-related brain potentials in Experiment 2 at the parietal electrode position (P z ) for each precue category. SI and S2 indicate precue and response stimulus, respectively. FP = full-information precue; DP = direction precue; HP = hand precue; NP = noinformation precue.
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Foreperiod LRP (Objective 2)
LRP amplitude. As in Experiment 1, there was LRP activation before response signal onset for FP and HP but not for NP and DP (cf. Figure 10 ). Correct LRP activation started about 500 ms after precue onset in the HP and FP conditions. About 900 ms after precue onset, there was more LRP activation for FP than for HP. As in Experiment 1, averaged LRP amplitudes were computed in the interval from 210 to 10 ms before response signal onset and referred to a 200-ms baseline before precue onset. The amplitudes differed significantly from zero for FP, f(15) = -3.7, p < .01, and HP, t(\5) = -4.2, p < .001, but not for DP, t(l5) = 1.7, p = .12, and NP, ?(15) = 1.3, p = .2. A one-way ANOVA of these amplitudes (with the variable precue category) revealed a significant effect, F(3, 45) = 9.5, p < .01. Planned comparisons revealed the following amplitudes: FP, -0.64 ju,V; HP, -0.46 ju,V; DP, 0.13 /itV; and NP, 0.11 /*V. The LRP difference between FP and HP approached significance in a one-tailed t test, t(15) = -1.5, p = .075.
Horizontal EOG. The lower panel of Figure 10 depicts horizontal EOG for each category. Precue category produced no significant main effect on horizontal EOG, F(3, 45) = 2.0, p = .13. Presignal horizontal EOG amplitudes were 0.3 ju,V for FP, 0.3 /j,V for HP, -0.2 /iV for DP, and -0.1 /*V for NP. Therefore, the observed foreperiod LRP effects cannot be attributed to eye movements. results with a highly direct mapping generalize to an indirect mapping with symbolic precues and response signals.
Discussion
The results pertaining to the first objective were consistent with those of Experiment 1. First, again there was a larger LRP amplitude in the FP condition than in the HP condition, although this difference only approached statistical significance. This outcome supports again the muscle-specific preparation hypothesis. As in Experiment 1, there was again a strong precuing effect on RT. However, the theoretically most important outcome was that precue information did not affect the stimulus-locked LRP interval but again reduced the response-locked LRP interval. Because P300 latency tended to be affected by precue information, some portion of the precue effect might be located in the stimulus recognition stage. Because signals were presented in the midline, a lateral stimulus artifact cannot account for the present results. It was argued that a lateral stimulus produces more negativity in the visual hemisphere contralateral to the stimulus location and, thus, may mimic a phasic LRP activation after 150 to 200 ms of stimulus onset. This confounding might produce spurious effects on the response-locked LRP interval that are indistinguishable from true motoric precue effects. Therefore, this second experiment involved nonlateral stimuli presented at the median plane in the visual field, which, as expected, eliminated horizontal eye movements. Because the precue effect did not disappear with those stimuli, a lateral stimulus artifact can be ruled out as an alternative interpretation for the precuing effect on response-locked LRP. Hence, the present results strengthen the view that motoric processes are involved in the RT precuing benefit.
The RT results show two notable differences with respect to Experiment 1. First, there was an enhanced precue effect on RT in the second experiment. For example, advance information about movement direction reduced RT by 44 ms in Experiment 1 but by 115 ms in Experiment 2. This observation agrees with the conclusion of Goodman and Kelso (1980) that indirect mapping produces an especially strong precuing effect. However, this enlarged precue effect might also be attributed to the longer foreperiod in Experiment 2 providing more time to enhance response preparation. Second, mean RT differed between the DP and HP conditions in Experiment 1 but not in Experiment 2. That is, advance information about either hand or movement direction resulted in a differential RT benefit for the direct but not for the indirect S-R mapping. However, according to Goodman and Kelso (1980) , such a "differential precuing effect" should be observed for indirect rather than direct S-R mappings. Although it is difficult to explain this inconsistency, it shows that the differential precuing effect is a fragile phenomenon and, therefore, seems not to be suited to settle the debate.
General Discussion
Chronometric studies have repeatedly documented that advance information about a response before the response signal reduces RT. However, the locus of this precuing effect within the information-processing system has been controversial. We sought to apply the LRP in an attempt to resolve this controversy. To accomplish this, we varied the advance information about orthogonal movement parameters (hand vs. movement direction) and examined the effect of this manipulation on RT, LRP, and P300 latency. We then used these electrophysiological measures to assess whether precues affect nonmotoric or motoric processes within the information-processing system. This approach was embodied in two objectives, each of which is discussed subsequently.
Identifying the Locus of the Precuing Effect
The first objective was to evaluate whether the precue effect on RT is caused by changes in the duration of motoric or nonmotoric processes. We therefore attempted to isolate the portions of RT reflecting either nonmotoric or motoric processes. By examining precue effects on these RT portions, we sought to determine whether precues affect the duration of motoric, nonmotoric, or both processes. Our measures for the nonmotoric portion of RT were provided by the P300 latency and the latency of the stimulus-locked LRP interval. The measure of the purely motoric RT proportion was provided by the response-locked LRP interval, defined as the duration from the onset of the responselocked LRP until the start of the overt response.
Nonmotoric Processes
The stimulus-locked LRP latency was not significantly affected by precue information. It is therefore concluded that precues did not change the duration of processes before LRP onset. This conclusion receives further support from the analysis of P300 latency, which is thought to reflect stimulus evaluation time but not to be affected by factors that influence response-related processes (e.g., McCarthy & Donchin, 1981) . P300 latency was not significantly affected by advance information, although a trend for a precue effect appeared to be present in Experiment 2. When the LRP and P300 latency results of both experiments are considered in combination, it seems unlikely that premotoric processes can completely account for the precue effect on RT, although previous precuing studies have considered this possibility.
Motoric Processes
Overt response speed increased with amount of advance information. It is this precuing effect that we sought to localize within the information-processing chain with electrophysiological measures. Like RT, the response-locked LRP interval was shorter for informative than for noninformative advance information. This effect appears to be robust because it did not depend on the mapping among precues, response signals, and responses. The present findings concerning the response-locked LRP interval support the conjecture that precue information influences the duration of motoric processes.
However, the validity of this conclusion depends on the assumed temporal arrangement of nonmotoric and motoric processes. This conclusion seems to be valid if one proceeds from the classic conception of RT (Sternberg, 1969) , namely, that nonmotoric and motoric processes do not temporally overlap during the RT period. However, the interpretation of the obtained LRP latency results as a genuine motoric effect becomes ambiguous when an overlap hypothesis is invoked (Osman, Moore, & Ulrich, 1995) . As an example, suppose that the response in the NP condition of Experiment 1 is identified in two successive steps within the S-R translation stage (Figure 12, upper panel) as a result of the prevalence of the horizontal stimulus dimension (e.g., Nicoletti & Umilta, 1984) . In a first step, the side of the response signal is processed, and, in a second step, the vertical position is processed. Hand preparation and LRP start as soon as Step 1 has been completed, whereas preparation of movement direction must wait until Step 2 is completed. Then, the reduction of the response-locked LRP interval in the DP condition could be caused by the preselection of movement direction (i.e., only Step 1 is performed within S-R translation; Figure 12 , lower panel). According to this hypothesis, precue information need not shorten the duration of motor processing, although it might shorten the response-locked LRP interval. Therefore, under an overlap hypothesis, changes of the response-locked LRP interval do not necessarily reflect changes in the duration of motor processing. 4 The overlap hypothesis, however, seems not well supported by the present results. Symbolic stimuli provide less opportunity for preliminary S-R translation outputs such that hand information is available before information on movement direction. Therefore, according to an overlap hypothesis, if the precue effect on the response-locked LRP interval was caused by nonmotoric processes, this effect should be eliminated, or at least diminished, with symbolic stimuli. However, the response-locked LRP effect was virtually the same in both experiments. According to the present results, it seems unlikely that the precue effect resides solely in premotoric stages.
The present LRP results provide strong evidence for the conjecture that precue information shortens the motoric portion of RT, as originally proposed by Rosenbaum (1980) but denied by Goodman and Kelso (1980) . Nevertheless, the present results also indicate that advance information affects nonmotoric processes. The precuing effect appears to be affected by the S-R mapping because the RT precuing effect for the highly compatible S-R mapping of Experiment 1 increased when an indirect symbolic mapping was used in Experiment 2. Because mapping effects are usually attributed to the duration of S-R translations at a central processing stage (e.g., Teichner & Krebs, 1974) , this finding indicates that response selection processes also benefit from advance information (see also Larish, 1986) .
Although the present results may resolve the debate between Rosenbaum (1980) and Goodman and Kelso (1980) , it is less clear whether these results also contribute to a resolution of the controversy between Miller (1982) and Reeve and Proctor (1984) . As reviewed in the introduction, Miller assumed that advance information about response hand shortens the motoric portion of RT. Although the present results show that advance information about hand elicits a foreperiod LRP, it is impossible to infer from this LRP amplitude effect that it eventually leads to a faster motor processing during the RT period. Because of this foreperiod LRP, the response-locked LRP interval cannot be assessed when advance information about hand is provided, excluding a direct test of Miller's hypothesis. Nevertheless, the finding that precue information about finger direction speeds up motoric processes supports the general notion of a precue RT benefit in the motor system and thus indirectly supports Miller's hypothesis.
Although it is suggested that precue information facilitates motoric processing, this effect might not be located at a neuromuscular level. Evidence for this conclusion is provided by the precuing study of Osman et al. (1995) . These authors recorded the electromyographic activity preceding an overt response. The response-locked waveforms of this activity were virtually identical for all precue conditions. This result clearly indicates that the interval from the onset of muscle activity up to the overt response is unaffected by precue information. Therefore, in Osman et al.'s study, the precue effect on the response-locked LRP interval must have been located before the onset of electromyographic activity. It is interesting to note, however, that some factors, such as time uncertainty (Hackley & Miller, 1995) and task-irrelevant flanker stimuli (Coles, Gratton, Bashore, Eriksen, & Donchin, 1985) , affect the duration of neuromuscular activity.
Abstract Versus Muscle-Specific Motor Preparation
The second objective addressed the functional meaning of foreperiod LRP regardless of the location of the RT precuing effect in the information-processing system. As in previous precuing studies (De Jong et al., 1988; Ulrich et al., 1993) , a clear LRP emerged about 500 to 800 ms before response signal onset when advance information about response hand was provided. However, in contrast to these previous studies, we also examined whether or not the amount of advance information enhances the foreperiod LRP. This enabled us to distinguish among abstract motor preparation, muscle-unspecific preparation, and musclespecific preparation. The abstract motor preparation hypothesis holds that the LRP amplitude indicates whether or not the response hand has been selected but does not indicate the amount of motor preparation for the selected hand. In contrast, the muscle-specific preparation hypothesis assumes that the LRP reflects not only limb selection at an abstract level of motor organization but also the selection of muscle groups involved in the response. Hence, we expected-according to the muscle-specific preparation hypothesis-a further increase of the LRP amplitude when movement direction was known in addition to limb side. Furthermore, the muscle-unspecific preparation hypothesis assumes that participants activate both the extensor and flexor muscles of the precued hand when movement direction is unspecified. In this case, we expected a larger foreperiod LRP for HP than for PP. In both experiments, a larger foreperiod LRP was obtained when advance information was provided about both movement direction and hand than when advance information was provided about hand alone. The direction of this effect provides evidence for the muscle-specific preparation hypothesis.
In conclusion, we have demonstrated that the LRP is an important tool for inferring the locus of the precuing benefit in the information-processing chain. Although a clear and consistent picture of the mechanism underlying this response speed benefit is far from being provided, the present study shows that stronger inferences are possible if the two traditional measures of response speed and response accuracy are supplemented by electrophysiological measures. As shown in other chronometric studies (e.g., De Jong et al., 1988; Miller & Hackley, 1992) , the LRP appears to be a useful tool for resolving theoretical controversies in the field of human information processing.
